INTRODUCTION
Rivers play a significant role linking the carbon cycles of the continent and the oceans (Cole et al. 2007) . They transport an estimated amount of 4 × 10 8 tonnes of both particulate (POC) and dissolved organic carbon (DOC) to the global ocean each year (Raymond & Bauer 2001) , representing more than the total amount of organic carbon buried in the world's oceans (Maranger et al. 2004) . The most part of this carbon flux is primarily derived from terrestrial vegetation (Opsahl & Benner 1997) . Normally, this allochthonous carbon source is considered to be recalcitrant and transported conservatively to the ocean (Aminot et al. 1990 , van Heemst et al. 2000 . However, a labile and younger fraction of riverine DOC ABSTRACT: We examined how variation in bacterial abundance (BA), biomass (BB), and production (BP) along a river−ocean continuum might be related to the large heterogeneity of potential controlling factors upon different scenarios of river flow and coastal upwelling in the adjacent ocean. Between late July 2010 and January 2011, representing winter, spring, and summer conditions, we sampled 7 stations along the Biobío River in Central Chile (36° S), and almost simultaneously, the adjacent ocean. BP along the river ranged from 3.1 to 168.4 µg C l −1 d −1
, with the highest values associated with the more anthropogenically influenced areas, where highest nitrate (NO 3 − ) and dissolved organic carbon (DOC) were also observed. High bacterial growth rates (BGR) were observed along the river, but BA and BB were relatively low in comparison to the coastal ocean, probably associated with a strong top-down control along the river. The most isotopically depleted DOC (δ 13 C-DOC, −30 to −33 ‰) was also observed in anthropogenically influenced areas, but unequivocal signatures suggest that DOC represented many different terrestrial sources with different isotopic composition, which supported BP along the river. BP estimates along the river plume ranged from 0.7 to 81 µg C l −1 d −1
. The δ 13 C-DOC distribution along the river−ocean continuum indicated that riverine flux of organic matter dramatically influenced the composition of DOC in this coastal upwelling area. During summer -when river flow was extremely low, coastal upwelling events were recurrent, and high chlorophyll a was enhanced -riverine DOC might not have contributed significantly to carbon pools in this coastal area. The temporal scale of river plume impacts on BP might vary with the magnitude of river discharge and wind-induced coastal upwelling events.
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Resale or republication not permitted without written consent of the publisher (e.g. recently de composed litter fall and belowground sources), may also support the rapid remineralization of some fraction of terrestrially derived DOC (hereafter: terrestrial DOC) by bacterial communities along the river basin and once it enters the coastal ocean (Hedges et al. 1997) .
Bacterial communities play a key role in bio geochemical cycles in the river−ocean continuum through different processes, including the degradation of autochthonous and allochthonous organic matter, the resulting CO 2 production by heterotrophic respiration of terrestrial DOC, and/or the export of riverine waters with huge amounts of dissolved inorganic carbon (DIC) to the coastal ocean (Cole & Caraco 2001 , Raymond & Bauer 2001 . Bacterioplankton also represent a potential carbon source to higher trophic levels, as they can constitute a significant food item for different planktonic microbial grazers, crusta ceans, and other freshwater and/or marine invertebrates (e.g. Nagata & Okamoto 1988 , Vargas & González 2004 .
Bacterial community structure also undergoes pronounced changes along the river−ocean environmental gradient (Fortunato & Crump 2011) , which is also reflected in their abundance and production (Vallières et al. 2008) . Although variations in temperature, DOC availability and lability (Pace & Cole 1996 , Sinsabaugh et al. 1997 , and inorganic nutrients (Castillo et al. 2003) appear to be major drivers for different bacterial assemblages, the river flow regime may also affect the productivity of certain bacterial communities during periods of high and/or low river flow (Edwards & Meyer 1986 ). In adjacent river plume waters, bacterial production has been enhanced apparently as a result of bacterial utilization of terrestrial/riverine organic matter in addition to fresh DOC produced by phytoplankton, especially during the productive season of river-influenced upwelling areas (Sobarzo et al. 2007) . In this sense, terrestrial DOC exported by rivers may also explain the occasional poor correlation between bacteria and phytoplankton on the continental shelves of eastern boundary regions (Ducklow & Kirchman 1983) .
Spatial and temporal patterns in the abundance and production of free-living heterotrophic bacteria have been investigated in lakes, estuaries, and in the ocean, as well as their regulatory processes (e.g. Cole et al. 1988 , Findlay et al. 1991 , Roland & Cole 1999 , Del Giorgio et al. 2006 , Judd et al. 2006 . However, the same cannot be said for studies that focus on both the estuarine system and its connections to more oceanic areas. The major objectives of the present study were: (1) to determine the temporal and spatial patterns in bacterial abundance (BA), biomass (BB), and production (BP) along one of the most important river basins in Chile, the Biobío River, and its adjacent upwelling coastal area, (2) to determine the relationship between BP and potential environmental control factors, such as temperature, nutrients, DOC, and other variables, along this river−ocean continuum under different scenarios of river flow regime and coastal upwelling processes in the adjacent ocean, and (3) by conducting isotopic measurements of δ 13 C-DOC, to evaluate the influence of riverine DOC on bacterial productivity in this riverinfluenced coastal upwelling area. We hypothesized that highest BP and BB along the river−ocean continuum will be associated with areas with high anthropogenically or naturally derived nutrients and DOC. Furthermore, terrestrial DOC sources will significantly influence the biogeochemistry and BP of the adjacent river-influenced shelf during periods of high river flow in contrast to periods of coastal up welling events. In the present study, bacterial assemblages were treated as a total community; we did not attempt to distinguish among species or functional groups.
MATERIALS AND METHODS

Study area
This study was carried out in the Biobío River basin and its adjacent coastal ocean, located off Central Chile (36° S; Fig. 1 ). The Biobío River is Chile's second longest river (after the Loa River), and the Biobío basin is Chile's third largest watershed (24 260 km 2 ). In its lower reaches, it passes through agricultural land, towns, cities, and industrial areas (Karrasch et al. 2006) . The Biobío River is also among the most dramatically polluted freshwater bodies in Chile (Focardi et al. 1996) , where ~83% of the Chilean pulp production takes place. Mean daily flow rates range between 120 and 8500 m 3 s −1
, making this the most important hydrographic basin in terms of freshwater discharge in central-southern Chile. The hydrological regime is strongly influenced by a maximum flow rate peak during the rainy season in winter (June− July) and a minimum flow rate during summer (February−March), with medium levels in spring due to ice melting (Barra et al. 2001) . The runoff from this river supplies significant amounts of silicate, nitrate, phosphate, and trace metals to the coastal ocean (Sánchez et al. 2008) . The adjacent coastal area is not only influenced by the seasonally variable flow of the Biobío River, but also by intense seasonal coastal upwelling events (Sobarzo et al. 2007 ). The seasonal variation of winds and runoff creates 2 distinct modes of water circulation in the adjacent continental shelf, viz. a highly productive summer upwelling season and a winter downwelling season with a thick surface layer to which maximum riverine freshwater flows are added (Sobarzo et al. 2007) .
In the present study, we sampled 7 stations along the Biobío River, covering almost 200 km, and including 2 stations located at the mouth of 2 important tributaries (Laja River, Stn 1; and Vergara River, Stn 5; Fig. 1 ). Physical, chemical, and biological measurements were taken at all river stations. Almost simultaneously, we conducted 3 research cruises along the adjacent continental shelves, including 12 sampling stations for hydrographic measurements and 5 to 6 stations for chemical analyses and BA, BB, and BP estimates (Table 1) . Five sampling campaigns along the river basin were conducted between late July 2010 and January 2011, representing winter, spring, and summer conditions, and during each campaign, a 3 d cruise was conducted (Table 1) .
Water sampling and hydrography
Dates for each sampling campaign are shown in Table 1 , including all physical, chemical, and biological measurements taken at each site.
In the river, surface samples (10 l from the upper 1 m depth) were collected from the central channel of the river using a clean, sample-washed, plastic bucket. Considering the high energy levels of the river upstream and the reduced depth (< 2 m) in the lower reaches, we did not collect depth-integrated water samples. Water samples were kept cold and dark until analysis, conducted on average within 2 to 7 h of sample collection. Temperature and conductivity were measured immediately before water sampling using WTW meters, whereas pH was measured spectrophotometrically. Subsamples were taken for analysis of BP (1 l), BA and BB (50 ml fixed with 1% glutaraldehyde); nutrients (500 ml), including nitrate (NO 3 − ), nitrite (NO 2 − ), and orthophosphate (PO 4 3− ); and DOC (30 ml). Additional samples were collected during winter and spring campaigns for measurement of DIC (30 ml) and POC (1−2 l), including their δ 13 C signatures. During the oceanographic cruises in the adjacent ocean, temperature, salinity, and oxygen profiles were recorded from near the bottom to the surface using a SeaBird SBE-19 plus CTD equipped with a calibrated Beckman oxygen sensor (i.e. optical sensor that utilizes luminescent technology) and a Wetstar fluorometer. Water samples for chlorophyll a (chl a, 1 l), nutrients (500 ml), and BA and BB (50 ml fixed with 1% glutaraldehyde) were collected at 2, 10, 20, and 50 m depths with 10 l Niskin bottles. Samples for BP (1 l), DIC (30 ml), DOC (30 ml), and POC (1−2 l), and their δ 13 C signatures were collected only at 2 and 10 m depth. Chemical and bacterial production measurements were made at all river stations (H), whereas in the coastal ocean they were estimated only for some selected stations ( ). Hydrographic data were collected at all river−oceanic stations
Chl a measurements from the river and vertical profiles from the adjacent ocean were conducted with a FluoroProbe sensor (bbe-Moldaenke) (Beutler et al. 2002) , which is a highly sensitive measuring instrument for the analysis of chlorophyll with algal class determination. By using the UV-LED signal recorded with the bbe FluoroProbe, we were able to record measurements of relative amounts of colored dissolved organic matter (CDOM), both along the river basin and throughout vertical profiles in the adjacent coastal ocean. Chlorophyll measurements with this equipment were calibrated by contrasting with analysis by fluorometry (Turner Design TD-700), using acetone (90% v/v) for the pigment extraction of discrete samples according to standard procedures (Parsons et al. 1984) .
All of these environmental variables were studied within the context of the seasonal variability in river flow, wind (derived Ekman transport), sea surface temperature (SST), and normalized water-leaving radiance at 555 nm (nLw555) fields. The signature of river plumes has been commonly detected and quantified using nLw555 in coastal waters (e.g. Nezlin & DiGiacomo 2005) .
L1A Moderate Resolution Imaging Spectro radiometer (MODIS) files were obtained from the NASA web site (http://oceancolor.gsfc.nasa.gov) and processed with high-resolution procedures for SST and nLw555. The processing procedure was carried out with high-resolution options and using SeaWIFS Data Analysis System (SeaDAS) software, in order to produce 1000 m resolution for SST and 500 m resolution for nLw555. A special atmospheric correction was applied to produce the nLw555 images according to Wang & Shi (2007) to decrease potential error in ocean color products, considering that coastal waters can be highly affected by turbid conditions.
Daily river flow data were obtained from the Dirección General de Aguas, Chile (www.dga.cl Smith (1968) . Seasonal variability of river flow and Ekman transport during the study period are presented in Fig. 2g .
Chemical analyses
Samples for nutrient analyses, including nitrate (NO 3 − ), nitrite (NO 2 − ), and orthophosphate (PO 4 3− ), were filtered through GF/F glass-fiber filters and frozen at −20°C until analysis in the laboratory. Nitrate and orthophosphate concentrations were determined via spectrophotometry following Parsons et al. (1984) and Murphy & Riley (1962) . pH in seawater samples was also measured spectrophotometrically using the m-cresol purple method (Clayton & Byrne 1993) . For DOC and δ 13 C-DOC, a 30 ml subsample was collected with a sterile syringe and filtered through a Swinex containing a GF/F filter of 0.7 µm, precombusted for 4 to 5 h at 450°C. The samples were collected directly in 40 ml glass 200 Series I-CHEM ® vials, preventing the formation of any bubbles. For DIC and its δ 13 C signature, a 30 ml subsample was collected with a sterile syringe and filtered through a Swinex containing a filter of 0.2 µm, and treated with H 3 PO 4 . The septa of vials were exchanged for butyl rubber septa to prevent diffusion of CO 2 . Samples were refrigerated at 5°C until fast shipment for analysis. During the winter and spring campaigns, a final subsample (1.5 to 2 l) was filtered through combusted (525°C for 4 h) glass fiber MFS GF/F filters (0.7 µm nominal pore size) to concentrate particles for POC concentration and its δ 13 C signature. In order to assess the stable carbon isotopic composition of potential anthropogenic sources, 2 additional POC samples were collected: 1 near (<10 m) a domestic wastewater treatment plant outfall, and the other from pulp mill effluent from a mill that produces newsprint from mechanically pulped softwood (pine). Filters were thawed, dried at ~60°C, acid-fumed overnight with 5% HCl, subsequently dried again at 60°C, and held in a desiccator until analyzed. Freezedried degraded and fresh vegetation samples, representing the dominant natural carbon sources along the river (e.g. leaves of willows, birch, pine, grasses), as well as periphyton, were all ground in an agate mortar, dried at ~60°C, and packaged into tin cups.
Prior to analysis, DOC samples were bubbled with CO 2 -free nitrogen for 7 min to ensure complete removal of dissolved inorganic carbon. All samples were run on an OI Analytical TIC-TOC Analyzer Model 1030, first run to determine the ppm C organic/inorganic concentration, then for the δ 13 C isotope. The TIC-TOC analyzer was interfaced to a Finnegan Mat Delta Plus isotope ration mass spectrometer for analysis by continuous flow. Data were normalized using internal standards. The analytical precision was 2% for the quantitative measurements, and ± 0.2 ‰ for the isotopes. Analyses were conducted in the G.G. Hatch Isotope Laboratories at the University of Ottawa, Canada.
Bacterioplankton abundance, biomass, and production
The abundance and biomass of bacterioplankton (cells l −1 ) were determined by direct counting and epifluorescence microscopy (Porter & Feig 1980) . Freshwater/seawater (2 to 5 ml) containing bacteria were stained with 4', 6-diamidino 2-phenylindole (DAPI) to a final concentration of 72 µM and collected on black 25 mm polycarbonate filters (0.2 µm pore size). Bacterioplankton were counted with an epifluorescence microscope OLYMPUS ® IX-51, equipped with UV model U-MWU2 (width band pass 330 to 385 nm). Bacterial volume was calculated from length and width measurements of at least 50 cells sample Riemann 1993) . From each subsample, 10 ml were transferred to sterile tubes (3 replicates and 1 blank). The blank was poisoned with 0.2 µm filtered formaldehyde (2%). For river samples, a saturation curve experiment was conducted at Stn 5 over 5 leucine concentrations (300 to 330 mCi mmol −1 specific activity, Sigma T-6527), resulting in a saturation concentration of 75 nM. For marine samples, we added leucine to obtain final saturation concentrations of 50 nM, which was reported as the mean saturation level for this coastal area by Hernández et al. (2006) . All tubes were incubated in the dark for 1 h at the simulated in situ water temperature (± 2°C). We also selected the incubation period for both sampling stations considering previous studies in the same coastal region (Troncoso et al. 2003 , Hernández et al. 2006 . After incubation, 14 C-leucine incorporation was stopped by adding 2% formaldehyde. The samples were precipitated with ice-cold trichloroacetic acid (TCA, final concentration of 5%) for 10 min. Samples were kept cool, filtered onto 0.45 µm cellulose nitrate filters (Whatman), and rinsed 3 times with 5 ml of 5% ice-cold TCA. In the filtrate, the occurrence of large sediment particles or clumps was relatively low and represented less than 5 to 10% of the total number of filters analyzed during our study. Nevertheless, BP estimates represented both free-living cells and some bacteria attached to small particles. The filters were placed into scintillation vials and dissolved in 1 ml of ethyl acetate. A volume of 10 ml of liquid scintillation cocktail (Eco-lite ® ) was added and the samples were radio assayed. Leucine uptake was estimated from dpm using a Packard (Model 1600TR) liquid scintillation counter; counting efficiency was calculated from the non-quenched standard of 3 H-toluene. BP from leucine incorporation was calculated using a ratio of cellular carbon to protein of 0.86 and a fraction of leucine in protein of 0.073 (Simon & Azam 1989) . The cell production rates, obtained from moles of leucine incorporated (see Fuhrman & Azam 1982) , were transformed to BP assuming a widely used conversion factor of 2 × 10 18 cells per mole of leucine incorporated (Lee & Fuhrman 1987) . Bacterial (specific) growth rates (BGR) were calculated as BP × BB −1 . Given that several of our environmental measurements were non-independent (e.g. pH and conductivity/salinity), a principal component analysis (PCA) was used to separate environmental variability into orthogonal vectors, which were computed as linear combinations of the environmental variables originally measured. Previously, data requirements for the PCA analysis were checked according to Reimann et al. (2008) . We used the principal components that explained the largest percentage of total variance (>15%) to represent environmental variability along the river and the adjacent coastal ocean. A Spearman correlation analysis (SPC) was then conducted to explore the connection between these principal components and BA, BB, and BP.
RESULTS
Meteorological, hydrological, and oceanographic conditions
The observed wind conditions showed the typical seasonal change between winter and summer months, with northerly winds (coastal subsidence) during the winter, and southerly winds (upwelling) during spring and summer (Fig. 2g) . It also was possible to observe synoptic wind fluctuations within the range of 2 to 15 d, which can mask the seasonal signal, meaning that none of the 3 cruises in the riverinfluenced area were carried out under intense coastal upwelling conditions. The winter sampling was carried out with northerly winds (subsidence). In contrast, the spring cruise was conducted during weak southerly winds favorable to upwelling, and the summer cruise was conducted during coastal upwelling relaxation (Fig. 2g) . This led to homo geneous and cold surface waters during winter (around 12°C) and warmer waters during spring, and especially in summer (Fig. 2a−c) . The Biobío River showed maximum flows in winter and spring, and a decline from December onwards (Fig. 2g) , which was reflected by a greater region of freshwater influence in winter than spring and summer ( Fig. 2d−f) . The high river flow in winter and northerly winds pushed the 34 isohaline below 40 m during the winter sampling period (Fig. 3a) . With the arrival of upwelling-favorable Table 1 winds in spring and summer and the decline of river flow, the 34 isohaline was located at 10 m in spring; during summer the 34.4 isohaline reached 20 m depth (Fig. 3b,c) . River temperature, meanwhile, was cooler in winter and warmer in summer relative to oceanic waters. This combination of wind and flow conditions caused haline stratification in winter, thermal stratification in spring and summer, and winter thermal inversion near the river mouth.
Spatial−temporal environmental variability along the river−ocean continuum
Low PO 4 3-concentrations (<1.5 µM) were observed along the river in comparison to the adjacent coastal ocean ( Fig. 3d−f ; 2-way analysis of variance, ANOVA, F = 4.1, p = 0.02; F = 13.1, p = 0.005). Highest PO 4 3− values were always observed at Stn 2 at the mouth of the Laja River, one of the main tributaries of the Biobío River. NO 3 − concentrations in the river were higher during winter, especially in the lower reaches (Stns 6 and 7) and the more industrialized area (~20 µM, Stns 2 and 5; Fig. 3g ). In the adjacent coastal area, the NO 3 − concentration increased from winter to summer, when a high concentration (> 30 µM) was observed in sub-surface waters (down to 30 m depth), probably associated with upwelling events (Fig. 3i) . Chl a was relatively low along the river (< 3 µg l −1 ; Fig. 3g−i) . Low chl a values were observed during winter in the nearshore area, with a conspicuous increase offshore (4−5 µg l −1 ; Fig. 3g ). Highest chl a concentrations were observed during the spring and summer campaigns (1-way ANOVA, F = 14.4, p < 0.001), mainly associated with the upper 10 m of the river plume area (Stn 4; Fig. 3h,i) . pH measurements (data not shown) did not show significant differences along the river, with the exception of Stn 5 (Vergara River mouth, pH = 5.8 to 6.8); in the coastal ocean, low pH values (7 to 7.5) were only associated with river plume waters. Although we estimated the relative concentration of CDOM by only using the FluoroProbe, it was evident that highest values during spring and summer were associated with the river mouth and river plume areas, with a sub-surface maximum at 15 m depth during summer (Fig. 3e,f) .
DOC was highly variable along the river, with large intra-seasonal differences between field campaigns, especially during winter (1-way ANOVA, F = 9.3, p = 0.009; Fig. 4a ). In the river, DOC ranged from 50 up to 800 µM. Highest concentrations were observed in winter, especially in September at the Vergara river mouth (Stn 5) and Biobío river mouth (Stn 7; Fig. 4a ). In spring, DOC concentrations decreased to an average of 100 to 200 µM, with a peak in the upper river section in December (Fig. 4b) . In the coastal zone, DOC concentrations ranged from 200 to 400 µM, and large variability resulted in nonsignificant differences between the river and the coastal zone (1-way ANOVA, F = 0.16, p = 0.69). A slightly higher concentration was observed in the surface layer at 2 m depth, but differences were not significant (1-way ANOVA, F = 0.08, p = 0.924). Nevertheless, significant differences in DOC concentration among seasons were observed (1-way ANOVA, F = 5.69, p = 0.006). Highest DOC values were observed in summer, mostly offshore; these values were significantly higher than results from the winter− spring campaign (Tukey test, p = 0.003). This also fit with higher relative concentrations of CDOM observed during the summer campaign (Fig. 3f) .
Several aspects of the δ
13
C values of DOC along the river−ocean continuum are worth noting. Large intraseasonal heterogeneity in δ 13 C-DOC was observed between winter sampling campaigns (Fig. 4a) . The δ 13 C-DOC values in the river were clearly more depleted during September (−28 to −33 ‰) than in July (−25 to −27 ‰), especially in the upper river and the river mouth area (1-way ANOVA, F = 12.01, p = 0.004; Fig. 4a ). In contrast, δ (Meyers 1997) , although C4 grasses (−17.5 ‰) were dominant along this river section at Stn 6. More depleted values (≤ −30 ‰) were associated with willows and cottonwood trees at Stns 2 and 1, and weeds collected at Stn 4 ( Table 2 ). The δ 13 C composition of anthropogenic sources, such as domestic sewage and paper mill effluent, showed values of δ 13 C of −27.4 and −27.6 ‰, respectively. In general terms, in the adjacent coastal ocean there was a slight difference in the δ 13 C signal between the surface (2 m) and subsurface (10 m) layers. More depleted δ 13 C values were observed in subsurface waters, suggesting that sources other than riverine allochthonous DOC might have in fluenced δ 13 C values in surface layers. During winter and spring, δ 13 C-DOC in the adjacent ocean ranged from −24 to −28 ‰, and the data did not show contrasting alongshelf changes (Fig. 4a,b) . During spring, δ 13 C-DOC exhibited a range of only 2 ‰, from −26 to −28 ‰, between marine and freshwater DOC, respectively.
Under upwelling conditions in summer, δ 13 C-DOC was evidently enriched. δ 13 C-DOC ranged from −18 to −15 ‰ from the river plume to offshore waters (Fig. 4c) . The δ 13 C-DOC pattern was different from the δ 13 C-POC pattern, since δ 13 C-DOC values were depleted not only along the river (−33 to −26 ‰), but also in the adjacent coastal ocean (−28 to −25 ‰), as far as 20 nautical miles. from the coast (Stn 8; Fig. 4 ). In contrast, δ 13 C-POC showed a clear enrichment pattern, from depleted values in the river (−28 to −25 ‰) to more enriched values in the coastal ocean (−23 to −18 ‰), which suggests that autochthonous carbon production probably heavily influences the isotopic POC signature in the water column, especially under spring− summer conditions, and river discharge imposes a more significant effect on the DOC pool supporting BP in coastal waters (Fig. 5) .
A PCA of environmental data available during all field campaigns (i.e. DIC and POC were not included because of the incomplete data set) produced a first principal component (PC1) that explained 26% of C measurements averaged ~0.1 ‰. For comparison, 2 anthropogenic organic matter sources had δ 13 C measurements of −27.4 (domestic sewage) and −27.6 (paper mill effluent). Stations are in the order from upstream to downstream (see Fig. 1) total variability of the river data (Table 3a ). An inspection of the highest weights (> 0.4) assigned by PC1 to the original variables showed that variability in temperature and conductivity had the largest weights, followed by δ 13 C-DOC. The second principal component (PC2) explained an additional 19% of total variability (Table 3a) . The signs of the largest weights assigned by PC2 to the original variables were associated with variability in nutrients (NO 3 − and N:P ratio). Similarly, in the coastal area, a first principal component (PC1) explained 36% of total variability and assigned the largest weight to PO 4 3-concentrations and δ 13 C-DOC (Table 3a) , whereas a second principal component (PC2) explained 23% of total variability, with the largest weight associated with pH and nutrient variability (NO 3 − and N:P ratio; Table 3a) .
Abundance, biomass, and bacterial production along the river−ocean continuum BA and BB were significantly higher in the coastal ocean compared to riverine waters (ANOVA, F = 22.3, p < 0.01 and F = 36.7, p < 0.01, respectively; Fig. 6 ). In general terms, small cells (< 0.3 µm 3 ) numerically dominated the bacterial communities along the river (data not shown). In consequence, by using 0.45 µm cellulose nitrate filters for BP, those estimates could have been underestimated in these samples. In contrast, coastal bacterioplankton communities ranged from 0.7 to 0.9 µm 3 , with maximum volumes offshore, which indeed resulted in higher coastal biomasses. Along the river, BA and BB were always higher in the lower reaches at Stns 6 and 7 (15 to 80 cells ml ). Non-significant differences were observed in BA and BB among seasons (ANOVA, F = 4.07, p = 0.02 and F = 6.3, p = 0.004, respectively).
In the adjacent coastal area, BA was seasonally different (ANOVA, F = 6.2, p = 0.003), and clearly increased from winter to summer campaigns, on average from 10 5 to 10 7 cells ml −1 (Fig. 6) . However, biomasses displayed non-significant differences among sampling seasons (ANOVA, F = 2.8, p = 0.06), probably associated with differences in cell volume. An extreme maximum of BA (1.8 × 10 7 cells ml −1
) and biomass (~220 µg C l −1 ) was observed associated with river plume waters during summer. In fact, both during spring and summer, high biomasses were observed in river plume waters (Stns 4 and 6), where maximum chl a and CDOM were also observed (Figs. 3h,i, & 7d,f) . Integrated biomasses were not significantly different among sampling campaigns (t-test, t = 1.2, df = 11, p = 0.24). However, during winter and spring, integrated biomasses increased offshore (Fig. 7a,c) . In contrast, during summer, high values were observed off the river mouth area, and southward associated with less saline waters with high relative CDOM concentration (Fig. 7e) . SPC between each principal component explaining environmental variability (Table 3b ), showed that along the river, BA and BB were positively (r s = 0.55 and 0.62, respectively) and significantly correlated with PC1 (temperature/ conductivity and δ 13 C-DOC), whereas in the coastal ocean, only BA was positively (r s = 0.67) and significantly correlated with PC1 (pH and nutrient variability; Table 3b ).
BP in the river ranged from 3.1 to 92.8 µg C l −1 d −1 (Fig. 8) . BGR also showed a wide range of values, from 0.002 to 10.1 d −1 . Significant differences in BP were found among sampling campaigns (ANOVA, F = 22.3, p < 0.01), with the highest rates during spring and summer periods (Fig. 8b,c) . In contrast, highest BGR values were observed during winter and spring, but with significant differences in both BP and BGR within the same sampling season (t-test, p < 0.01), which reflects the high variability of this riverine system. On average, BP and BGR were always higher in the more anthropogenically influenced areas at Stn 5 (Vergara River, near a domestic sewage plant) and Stn 2 (i.e. near a pulp mill industry), as well as at Stns 6 and 7, close to more urbanized areas (i.e. the village of Santa Juana and the city of Concepcion, respectively). In contrast, BP and BGR were commonly low (< 25 µg C l −1 d −1 and <1 d −1 , respectively) in the upper and less anthropogenically influenced river sector (Stn 3; Fig. 8) . A correlation analyses between river flow and BP in the upper and lower river sections showed that highest BP was observed during periods of low river flow, but only in the lower reaches of Biobío River (r 2 = 0.46, p = 0.04; Fig. 9a ). BP along the river was positively (r s = 0.5) and significantly correlated with PC1 (temperature/ conductivity and δ 13 C-DOC), whereas BGR was negatively (r s = −0.35) and significantly correlated with PC2 (variability in nutrients), which in turn would suggest that highest BGR was associated with low N:P and NO 3 − waters (Table 3b) . BP was significantly lower in the adjacent coastal ocean (ANOVA, F = 12.7, p = 0.0008), where it showed highest rates in the surface layer of the river plume (ANOVA, F = 5.69, p = 0.006), with the highest BP and BGR observed during the spring campaign (Fig. 8b) . During both winter and spring, surface BP decreased longitudinally from inland towards offshore waters (Fig. 8a,b) . Integrated BP in the upper 20 m ranged from 14.3 to 1035 mg C m −2 d −1 (Fig. 7 ). Significant differences were observed in integrated BP among sampling seasons (t-test, t = −2.5, df = 9, p = 0.03), with the highest integrated BP occurring during the spring cruise, near the Biobío River mouth (Stn 4, Fig. 7d) , where relative CDOM concentration also peaked (Fig. 7d) . At that time, BP was also high south of the river mouth (Fig. 7d) , predominantly in the river plume direction (Fig. 2) . Neither BP nor BGR were correlated significantly with PCs describing coastal environmental variability (Table 3b) . Finally, when we analyzed the relationship between δ 13 C-DIC along the river−ocean continuum and BP, a significant negative correlation was found for riverine bacterial communities (r 2 = 0.47, p = 0.00007), which suggests that BP peaked when isotopically depleted DIC (possibly as a result of terrestrial organic matter respiration) dominated in river waters (Fig. 9b) .
DISCUSSION
Many rivers in Chile discharge their waters to the coastal ocean, and most of them are relatively short, which implies strong environmental gradients over relatively short distances. In this study, we considered this environmental gradient when looking at one of the most important river basins in Chile, Bacterial production and biomass at the river mouth (Stn 7) were integrated at 2 m depth. Salinity and CDOM were averaged for the upper 2 m depth layer including both freshwater and marine bacterioplankton communities. Our sampling period also involved a gradient of different river flows and upwelling intensities, with the highest river influence during the winter (Fig. 2) . Despite the fact that we did not sample over all seasons, we were able to capture some of the seasonal variability in river flow and river plume dynamics in this study area. Along the river, highest NO 3 − concentrations were observed (Wilcoxon test, Z = 2.7, p = 0.006) in areas typically affected by high anthropogenic activity, near pulp mill effluents and domestic sewage outflows (Stns 1 and 5), as well as near urbanized areas (Stns 6 and 7). DOC concentrations in the Biobío River were on occasion higher than 600 µM. They were within the higher range reported for river ecosystems, which suggests that anthropogenic in fluences could be important in determining its biogeochemical status. A gross comparison of DOC concentrations reported for different rivers worldwide shows a range from ~30 in clear waters to ~700 µM in black water rivers; e.g. Godavari River in India (33 to 191 µM; Balakrishna et al. 2006) , Tana River in Kenya (108 to 450 µM; Bouillon et al. 2007 ), clear and black waters of the Orinoco River Basin in Venezuela (184 to 664 µM; Castillo et al. 2004) , the Hudson River in the USA (279 to 321 µM; Maranger et al. 2004) , and the Mackenzie River in the Arctic (125 to 291 µM; Vallières et al. 2008) . However, during our study, we found no clear correlation between DOC concentration and BA, BB, and/or BP, neither along the river nor in the adjacent coastal ocean.
Our BP estimates along the Biobío River (i.e. 3.1 to 168.4 µg C l −1 d −1
) were within the mean range reported for other river ecosystems (Table 4a ). For instance, Roland & Cole (1999) Nevertheless, despite the high BP along the river, BA and BB were relatively low in comparison to the adjacent coastal ocean, which resulted in extremely high BGR values (e.g. up to 10.1 in winter, Fig. 8a ). The only explanation we found for these findings is the potential effect of protozoan grazing in moving lotic waters, which on occasion might be relatively high. For instance, Carlough & Meyer (1990) re ported that flagellates and ciliates may ingest up to 320 bacteria ind.
, with an estimate of 47% of the water column cleared by protists daily. In addition, bacteria can also be consumed by naked and planktonic amoebas (Lesen et al. 2010 ) and macroinvertebrates along the river basin (Meyer 1990 ).
Both in winter and spring, highest BP and BGR were associated with the more anthropogenically influenced areas along the river (Stns 1, 5, 6, and 7; Kruskal-Wallis test H 1,32 = 14.2; p = 0.007; Fig. 8a,b) . The positive correlation between BA, BB, and production with PC1 suggested that basic parameters such as temperature and conductivity played an important role in bacterial activity. In a detailed analysis of published data, White et al. (1991) found that temperature had a greater impact on BA across different aquatic ecosystems. Nevertheless, the inclusion of δ 13 C-DOC in this PC1 suggests that DOC sources also constitute an important factor for bacterial communities. In fact, highest BP and BGR occurred during the period when DOC in river waters were isotopically more depleted (δ 13 C-DOC from −29 to −33‰). It is evident that not only quantity but also quality of DOC can greatly impact BB (Bott et al. 1984) and BP (Kaplan & Newbold 1993) . It is also well known that, depending on the weight and composition of the DOC, certain molecules might be more refractory than others and consequently be consumed at different rates by the bacterial communities (Ziegler & Fogel 2003) . In our study, the low chl a concentration along the river, as well as the isotopic evidence, indicates that DOC was largely derived from terrestrial sources. The de pleted δ 13 C-DOC values (−27 to −33‰) during winter and spring suggest that most sources included soil organic matter and fresh vegetation (e.g. Hélie & Hillaire-Marcel 2006) . Although most heavily de pleted δ 13 C-DOC (<−30 to −33‰) values were observed in more anthropogenically influenced areas (Stns 5, 2, and 6), the δ 13 C-POC measurements taken near domestic sewage and paper mill effluents did not produce such depleted values. Nevertheless, the enrichment of δ 13 C in recipient waters of pulp mill effluent has been demonstrated in other river systems (Wassenaar & Culp 1996) . For a temperate Australian estuary, Oakes et al. (2010) reported an isotopic signature for DOC at a pulp mill outfall typically ranging between −29 and −30‰. However, isotopic measurements do not always provide unequivocal signatures. For in stance, weeping willows Salix babylonica are commonly distributed in the mid-portion and lower reaches of the Biobío River, and our δ 13 C measurements showed isotopically characteristic depleted δ 13 C values, between −29 and −31‰ (Table 2) . Moreover, phytoplankton production in the lower reaches uses dissolved CO 2 , which usually has highly variable δ 13 C resulting from organic matter respiration, ranging from −1 to −15‰ (Fig. 9b) . Therefore, the isotopic composition of both DOC and POC will depend strongly upon its source of inorganic carbon. Overall, variability in δ C-DIC and bacterial production for both river and ocean sampling stations. A significant relationship was only found for river samples pared with δ 13 C -DOC variations (Fig. 5) , suggesting a more heterogeneous carbon pool in the dissolved fraction, which supported BP along the river. In fact, when we constructed a Keeling plot with field information for a gross estimate of the isotopic composition of the respired carbon source along the river, we obtained an estimate of δ 13 C-DIC = −12.49‰, which indicates a clear dominance of terrestrial sources in microbial respiration (Karlsson et al. 2007 ). Furthermore, highest BP occurred at times when more de pleted δ 13 C-DIC values were observed (Fig. 9b) , which might suggest that highest BP was associated with periods when microbial respiration of terrestrial organic matter was significant. Despite being well known that autochthonous DOC is preferentially utilized for BP over terrestrial DOC (Kritz berg et al. 2004) , our results also confirm that in this river ecosystem, autochthonous carbon alone does not support BP. Therefore, the bulk of the terrestrial DOC and POC that the Biobío River delivers to the coastal upwelling area off Concepcion could be partially refractory once it passes through the bacterial respiratory filter of the river. BP rates in the river plume area and offshore were also within the range reported for other river plumes worldwide (Table 4b) ) for other river plume areas are relatively similar, e.g. 5 to 90 (Chin-Leo & Benner 1992) and 0.7 to 192 for the Mississippi River plume (Amon & Benner 1998) , and from 7 to 32 for the Hudson River plume (Ducklow & Carlson 1992) . Furthermore, BP at the coastal upwelling area off Central Chile measured in other studies, and from other coastal upwelling areas, also fit with our estimations, e.g. from 19.2 to 33.6 in a coastal upwelling site off central Chile (McManus & Peterson 1988) , 4 to 92 in Benguela (Lucas et al. 1984) , and 2.7 to 22.2 µg C l −1 d −1 in the NW Iberian Margin (Barbosa et al. 2001) (Table 4c ).
In light of the distribution of δ 13 C-DOC along the river−ocean continuum, it was evident that riverine fluxes of organic matter dramatically influenced the composition of DOC in this coastal upwelling area, especially during winter and spring snowmelt period, C-DOC in the coastal area ranged from −24 to −28 ‰ (Fig. 4a,b) . For oceanic waters, the δ 13 C marine end-member for DOC typically averaged between −20 and −22 ‰ (e.g. Druffel et al. 1992 , Bauer & Druffel 1998 , which implies that using a simple 2-end-member mixing model with a δ 13 C of −29 ‰ for terrigenous DOC and −21 ‰ for marine DOC, an estimated 38 to 80% of DOC is allochthonous DOC of terrestrial origin during winter and spring in this coastal area. In contrast, during summer -when river flow was extremely low (< 500 m 3 s −1
), coastal up welling events were recurrent, and high phytoplankton production was enhanced ) -the riverine organic matter made no contribution to carbon pools in this coastal area (Fig. 10) .
We found no clear correlation between BP or BGR and chlorophyll, DOC, and/or DOC sources (i.e. measured as δ 13 C-DOC). It is common in river plume areas that the classical idea of microbial loop relationships (i.e. algal exudates enhancing BP) can be disrupted due to the input of allochthonous riverine carbon (Findlay et al. 1991) . In fact, BA was positively correlated with PC1, representing variability associated with PO 4 3− concentrations and DOC sources (δ 13 C-DOC). However, highest BP and BGR in the river plume not only implies that riverine allochthonous carbon might be relevant for heterotrophic bacterial activity, but also nutrient and silicate riverine fluxes, and stratification in river plumes might stimulate phytoplankton growth (Dagg et al. 2004 ) (e.g. spring/summer; Fig. 3h,i) . It has been observed in river plume waters that phytoplankton can bloom for periods of 1 to 2 d and then decline (e.g. by salinityinduced lysis), releasing large amounts of labile DOC (Dagg et al. 2008) . In consequence, these results evidence the complex relationship among different environmental factors, including autochthonous versus allochthonous carbon sources that might differentially influence bacterial assemblages in this river−ocean continuum.
As shown in the present study, this river−ocean continuum encompasses a complex spectrum of environmental gradients that each impacts the composition of bacterial communities. Fortunato & Crump (2011) characterized the bacterioplankton community along a river-to-ocean gradient on the Oregon coast and the Columbia River in Washington (USA), and found that bacterioplankton communities were significantly different between the river and the coastal zone. For the coastal ocean, they even found differences between inshore and offshore communities, probably associated with a physical upwelling regime, which enhances primary production and subsequently increases BP in the communities of nearshore waters.
We draw 2 general conclusions from our study: (1) in a river−ocean continuum, high nutrients and DOC amounts are associated with river sections with the highest anthropogenic activity, stimulating recycling as observed by high BP and BGR; (2) the direct effects of terrestrial DOC discharged by the Biobío River might contribute substantially to carbon fluxes in a productive coastal upwelling area, and a combination of autochthonous (i.e. phytoplankton exudates and/or lysis) and allochthonous (i.e. terrestrial DOC) sources stimulate BP and BGR in river plume areas. Secondary effects associated with the bacterial mineralization of organic carbon and nutrients in surface waters were not examined in this study but are highly relevant issues for future studies, broadening temporal and spatial scales. Considering that DOC might complex toxic trace metals and pollutants which are transported along this river−ocean continuum and occasionally incorporated into coastal food webs via microbial activity, more information regarding the influence of river discharges on biogeochemical and food web processes are needed. 
